The present study investigates the changes in microstructure and microchemistry (particularly Ca/P ratio) during whisker formation on the surface of a monolithic TTCP powder in a basic phosphoric acid solution. The XRD results indicate that when TTCP powder was treated for 10 min or less in (NH 4 ) 2 HPO 4 solution, the monolithic TTCP phase remains unchanged. When treated for 30 min, apatite whiskers appear, which continue to grow with treating time. When treated for 24 h, the apatite phase becomes dominant. TEM results show that on the surface of 1 min-treated TTCP are observed a large amount of globular-shaped fine particles which are substantially amorphous with an average Ca/P ratio of about 1.2. When treated for 10 min, whiskers primarily having a crystal structure of TTCP with an average Ca/P ratio of about 2.1 are observed to grow radially from TTCP surface. With time the whiskers continue to grow in length and width. The whiskers on 24 h-treated surface become Ca-rich apatite with an average Ca/P ratio of about 1.8. Both TTCP and apatite whiskers are essentially non-stoichiometric in chemistry.
Introduction
Due to its superior biocompatibility and osteoconductivity, calcium phosphate cement (CPC) has been suggested to be used as a filling material in dental and orthopedic applications. [1] [2] [3] [4] [5] [6] [7] The primary reaction product of most CPCs after being implanted for a while is various kinds of apatite, 8) a calcium phosphate compound which is the main inorganic component of human bones and teeth. 9, 10) Tetracalcium phosphate (TTCP), a member of the calcium phosphate family, is known to have a high chemical activity and reacts at room temperature with aqueous solution.
11) The obtained set/hardened material has a high affinity for the living body and is therefore frequently used as a component of CPC powder. [12] [13] [14] [15] As a matter of fact, the combination of TTCP and dicalcium phosphate anhydrous (DCPA) (or dicalcium phosphate dihydrate (DCPD)) powders is one of the most popular formulae of CPC used today. [16] [17] [18] It is generally accepted that the setting mechanism of TTCP/DCPA-based CPC involves formation of apatite crystals. 8, [19] [20] [21] [22] [23] Ishikawa and Asaoka 21) indicated that the dissolved calcium and phosphate ions from both powders in water are precipitated in the form of hydroxyapatite (HA) on the powder surface. Brown and Fulmer 19) suggested that, in TTCP/DCPA-based CPC, only the earliest nuclei can have a stoichiometric HA composition. Further growth of the nuclei causes the HA phase to become calcium-deficient with a Ca/ P ratio near 1.5 due to diffusion controlled stage occurred as DCPA and previously formed HA reacted to produce calcium-deficient HA.
In a transmission electron microscopic (TEM) study on the setting mechanism of TTCP/DCPA-based CPC in an acidic phosphate solution, Chen et al. 24) suggested that the early stage apatite formation involves quick dissolution of a surface layer of TTCP particles due to its relatively high dissolution rate in the solution. The dissolved calcium and phosphate ions, along with those ions readily in the solution, are then precipitated predominantly on the surface of DCPA powder. During the later stages of reaction, the extensive growth of apatite whiskers effectively linked DCPA particles together and also bridged the larger TTCP particles, causing the CPC to be set and not dissolve when immersed in Hanks' solution. The same authors further revealed that a whiskertreated TTCP/DCPA-based CPC has a higher apatite formation rate, denser structure, and higher compressive strength than that without the whisker treatment. 25) Although the whisker treatment in the study of Chen et al. 24, 25) has been shown very effective in enhancing the properties of TTCP/DCPA-based CPC, the simultaneous reactions between both powders and phosphate solution caused analysis of the results to be rather complicated. To eliminate such complications and single out the effect of whisker treatment on TTCP in basic solution, the present study investigates the changes in microstructure and microchemistry (particularly Ca/P ratio) during whisker formation on the surface of a monolithic TTCP powder in a basic phosphoric acid solution using TEM technique.
Materials and Methods
The TTCP powder used for the study was fabricated inhouse from the reaction of dicalcium pyrophosphate (Ca 2 P 2 O 7 ) (Sigma Chem. Co., St. Louis, MO, USA) and calcium carbonate (CaCO 3 ) (Katayama Chem. Co., Tokyo, Japan) by a weight ratio of 1:1.27. The powders were mixed uniformly in ethanol for 12 h, followed by heating in an oven to let the powders dry. The dried powder mixture was then heated to 1400 C to allow two powders to react to form TTCP. 26) In order to study the whisker formation behavior at different stages of treatment, 1 g TTCP powder was mixed in 13 ml, 3 kmol/m 3 (NH 4 ) 2 HPO 4 solution with a pH value of 8.6 for a series of times (1 min, 5 min, 10 min, 30 min and 24 h) at room temperature. After treatment the powder was vacuum-filtered and washed with de-ionized water twice, * 1 Graduate Student, National Cheng-Kung University * 2 Corresponding author, E-mail: ju servantofchrist@yahoo.com followed by drying in an oven. The samples being whiskertreated for 1 min, 10 min and 24 h were selected for TEM examination. In doing so the dried powder was supersonically dispersed in ethanol. A drop of the powder-dispersed ethanol was dripped on a 3 mm-diameter, #325 mesh carbon grid and let dry. The specimen was then coated with a thin carbon film for electrical conductivity for TEM examination.
A JEOL JEM-3010 scanning transmission electron microscope (STEM) operated at 200 kV was used for the study. An energy dispersive spectroscopy (EDS) system (Link II Energy Dispersive X-ray Analysis System, England) attached to the microscope was used to determine the chemistry (particularly Ca/P ratio) of the whiskers at different stages of treatment. Microdiffraction (typically with a spot size of 15-25 nm for the study) was performed to help identify the crystal structure of individual whiskers.
X-ray diffraction (XRD) was also carried out to help identify phase changes during the various stages of whisker treatment. An X-ray diffractometer (Rigaku D-MAX IIB Tokyo, Japan) with Ni-filtered CuK radiation operated at 30 kV and 20 mA at a scanning speed of 0. 25 /min in 2 range of 10 5 2 5 40 was used for the study. The various phases were identified by matching each characteristic XRD peak with that compiled in JCPDS files. Figure 1 shows typical XRD patterns of TTCP powder with and without whisker treatment. As can be seen from the figure, the original TTCP (without whisker treatment) has a monolithic TTCP crystal structure. When the TTCP powder was whisker-treated for 10 min or shorter in (NH 4 ) 2 HPO 4 solution, the monolithic TTCP phase remains unchanged. When treated for 30 min, an apatite phase appears, as identified by the right ''shoulder'' of TTCP (130) peak. Although TTCP and apatite have many crystallographic planes with similar ''d values,'' the presence of apatite (002) around 25.9 indicates the presence of apatite phase. This hexagonal apatite phase increased in intensity with whiskertreating time. When treated for 24 h, the apatite phase starts to dominate. As will be shown later in the TEM examination, at this stage, essentially all the whiskers were of apatitic phase. This suggests that the observed XRD peaks of TTCP in 24 h-treated sample came from the underlying TTCP particles instead of the whiskers. Figure 2 shows the typical morphology and electron diffraction patterns of an as-fabricated, monolithic TTCP particle. As shown in the bright field (BF) micrograph ( Fig. 2(a) ), the surface of the non-whisker-treated particle was neat and clean. The analysis of selected-area diffraction (SAD) patterns obtained from different diffraction zones indicates that the non-whisker-treated particle has a crystal structure of TTCP.
Results and Discussion
When the TTCP was treated for 1 min, a large amount of fine (typically < 100 nm), globular-shaped particles were observed to precipitate on the TTCP surface, as shown in Fig. 3(a) . The SAD pattern (with an aperture size of 400 nm) obtained from a large number of such fine particles indicates that the nano-sized particles are substantially amorphous in structure (Fig. 3(b) ). Amorphous calcium phosphate was first described by Posner in 1965 27) and was used as a coating material on titanium implants 28) and for other applications.
29)
The EDS microchemical analysis using scanning mode with a spot size of 15 nm indicates that these fine particles have an average Ca/P atomic ratio of about 1.2, somewhat lower than the reported Ca/P ratios (1.4-1.5) 30) of the amorphous calcium phosphate obtained from different methods.
When the TTCP powder was treated for 10 min, whiskers with lengths typically < 200 nm and widths typically < 50 nm were observed to grow from the surface of TTCP particles, as shown in the example of Fig. 4(a) . The SAD pattern (Figs. 4(b) and (c)) and lattice images obtained from different crystallographic planes (Figs. 4(d) , (e) and (f)) further confirm that these radially-grown whiskers primarily had a crystal structure of TTCP. The EDS microanalysis reveals that such whiskers have an average Ca/P ratio of about 2.1.
It should be mentioned that, although this average Ca/P ratio is close to the theoretical value of TTCP (2.0), the individual TTCP whiskers essentially have a non-stoichiometric chemical composition. This conclusion was made from a series of careful microchemical analysis. Each individual whisker being analyzed was carefully selected so that it would not overlap either the parent TTCP particle or neighboring whiskers. At the same time, a spot size of 15 nm was selected so that the electron beam did not cover anything other than the whisker itself. The result clearly indicates that the 10 min-treated whiskers have non-stoichiometric chemical compositions with Ca/P ratio ranging from about 1.7 to about 3.2.
The dotted-ring pattern is a direct result of the diffraction of numerous nano-sized whiskers with different orientations.
The diffraction pattern clearly shows that each ring matches a certain crystallographic plane of TTCP phase. The measured spacings of the lattices fringes, 0.74 nm (Fig. 4(d) ), 0.35 nm (Fig. 4(e) ), 0.93 nm and 0.57 nm (Fig. 4(f) ) are respectively very close to the theoretical values of TTCP (011) have a TTCP crystal structure. Furthermore, the absence of HA (100) ring (d ¼ 0:817 nm) in the diffraction pattern excludes the possibility for the existence of a significant amount of apatite under this whisker treatment condition. As whisker-treating time increased, the whiskers continued to grow in length and width. When treated for 24 h, the whiskers could be as long as > 200 nm, as shown in Fig. 5(a) . At this stage the whiskers became Ca-rich apatite (Figs. 5(b) , (c)) with an average Ca/P ratio of about 1.8. The presence of a weak apatite (100) ring in the diffraction pattern and the similarity between the measured spacing of lattice fringes shown in Fig. 5(d) (0.81 nm) and the theoretical value of HA (100) (0.817 nm) unmistakably indicate that these whiskers are of apatite phase. The observation that (100) planes run parallel to the long axis of the apatitic whisker is consistent with the reports of Rohanizadeh et al. 31) and Chen et al. 24) 4. Conclusions Transmission Electron Microscopic Study of Tetracalcium Phosphate Surface-Treated in Diammonium Hydrogen Phosphate Solution
